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ABSTRACT In this study, we aimed to evaluate the effect of canthaxanthin (CX) and iodine (I) on the production of laying hens, on counteracting debilitation of the vitelline membrane, and on inhibiting Salmonella growth in eggs stored at 30
• C. Three hundred hens were reared in cages. Birds were divided into six feeding groups (10 hens × 5 repetitions) that were administered 0, 3 or 6 ppm of CX and 1 or 10 ppm of I with their diets. Laying rate, egg weights, and feed conversion ratios were controlled. The quality of fresh eggs was assessed in wks 25-26, 48-50 and 62-63 of hens lives. An additional batch of eggs was incubated at the temperature of 30
• C, and egg quality changes were monitored on days 3, 6 and 9 of storage. Additionally, eggs collected from four experimental groups of hens whose diets had been iodated with 1 or 10 ppm of I and supplemented with 0 or 6 ppm of CX were infected under laboratory conditions with Salmonella, and incubated for 5 and 10 d. The laying rate, egg weights, and feed conversion ratio were significantly improved. Dietary inclusion of CX contributed to a higher resistance of the vitelline membrane of egg yolks, but only for fresh eggs. Vitelline membrane degradation during egg storage at 30
• C was significantly counteracted by dietary inclusion of I at a dose of 10 ppm. The same I dose resulted in the complete inhibition of Salmonella growth until day 10 of incubation, but exclusively for eggs collected from 40-week-old hens. Dietary supplementation with 10 ppm of I was found to impart high level of resistance to the vitelline membrane against the growth of Salmonella in case of eggs stored at 30
• C; therefore, I was found to be more beneficial by ensuring longer preservation than that of CX. However, dietary supplementation with CX was found to increase the resistance of vitelline membrane in fresh eggs.
INTRODUCTION
In response to the growing consumption of eggs observed especially in developing countries, their annual global production today exceeds 68 million tons per year (FAO, 2015) . Such a high demand stems from an increasing awareness among populations regarding the value of eggs as a food product. Eggs' functional food attributes, such as a moderate caloric value (150 kcal/100 g), top-quality protein intake, and various fat-soluble compounds at a relatively low price (Carrillo et al., 2012) , are very valuable for consumers. The increased interest in eggs observed in recent years may be caused by the withdrawal of recommendations for their intake to be reduced owing to significant con-C 2018 Poultry Science Association Inc.
vitelline membrane (VM) of the egg yolk is subject to successive debilitation. Debilitation of VM contributes to increased permeability of (Kirunda and McKee, 2000; Chen et al., 2005) and facilitates the migration of pathogenic bacteria from the albumen to the yolk. Every year, the consumption of eggs is implicated in the incidence of diseases transferred orally and induced mainly by Salmonella enteritidis and typhimurium (Rakonjac et al., 2014) . During the time of storage, the natural protective barriers of eggs weaken, and thus, the risk of infection in egg yolk increases. Unfortunately, VM debilitation significantly impairs the mechanical separation of the yolk from the albumen. The yolk, which pollutes the albumen as a result of VM breaking, impairs its foaming potential (Rossi et al., 2010) .
Storage in air-conditioned rooms at relatively low temperatures (5-13
• C) and appropriate humidity (65-80%) retards the aging processes of eggs. However, ensuring such conditions in practice often seems impossible due to economic concerns. In addition, long-distance transportation of eggs from a farm to a processing plant at high temperatures poses serious problems particularly in countries with warm climates. Little is known about the factors (apart from storage conditions) that could retard the processes of egg aging, and especially minimize the progressive degradation of VM. Isolated investigations addressing canthaxanthin (CX) supplementation in the feeding of broiler breeders (Surai et al., 2003; Hamelin and Cisneros, 2015; Rosa et al., 2012) and duck breeders (Ren et al., 2016) have demonstrated, however, that the antioxidative properties of this carotenoid increase the antioxidative status of females, males, egg yolks, and chicks. According to Hamelin and Cisneros (2015) , this results from the inhibition of oxidation processes (ability to scavenge singlet molecular oxygen and quench other free radicals), which prevents any decrease in egg albumen and VM elasticity. In turn, supplementation of diets for laying hens with iodine (I) is commonly applied in the production of table eggs with an increased content of this deficient microelement (Yalçin et al., 2004; Opaliński et al., 2012; S lupczyńska et al., 2014; Sumaiya et al., 2016) . This results from the interception of iodine in the hen ovary and an easy passage of iodine to the oocyte (McDowell, 1992) . Apart from increasing the value of eggs as healthpromoting food products, the increased content of iodine may serve an antibacterial function in the egg yolk. Park et al. (2014) demonstrated that I exhibited strong activity against S. typhimurium, whereas research conducted by Rabie et al. (2015) confirmed the strong antiSalmonella activity of I against both S. enteritidis and S. typhimurium.
Therefore, in this study, we aimed to evaluate the effects of supplementation of diets of laying hens with CX and I and study the retardation of aging process of eggs, especially VM debilitation, and study the effect of supplementation in counteracting infections of eggs during their storage at high temperatures. Since no investigations have been conducted so far regarding the effects on table egg production of CX and CX + I supplementation in laying hen feed. We also analyzed the effect of various doses of these additives on the production results of hens. 
MATERIALS AND METHODS

Laying Hens and Their Treatment
The study was conducted with 300 ISA Brown laying hens, aged 18 wks when the experiment was started. The hens were bought from Musielak Specialist Poultry Farm Limited, Z lotok los, Poland. All birds were under veterinary control during both the rearing and the laying period. The lighting program and temperature in the building were consistent with the ISA Brown Management Guide (Hendrix-Genetics, 2014) . The birds received the same feed until the start of experimental feeding at 18 wks of age. The laying performance of hens was controlled for 41 wks, i.e. from the 23 rd until the 63 rd wk of age. Layers were held in a trial composed of 6 experimental treatments -50 hens per treatment. Each treatment consisted of 5 repetitions with 10 laying hens kept in enriched cages, within a three level battery. The cages (Kovobel, type SKN-O, Czech Republic) had the following dimensions: 120 cm wide, 126 cm deep, and minimum 45 cm high (1092 cm 2 /hen). They contained a scratch-pad area (2 × 900 cm 2 ), perch 20 cm/hen, and 2 nests of 1200 cm 2 , while the floor gradient was 7.7
• . The nesting area was separated by a red curtain composed of plastic strips. Light stimulation was started at 16 wk by extending day length by 2 h, followed by subsequent extensions of 1 h per wk until 16 h of light was obtained. This 16L:8D lighting program was applied until the end of the experiment. Throughout the experiment, the average room temperature was 18±2
• C. Water was available ad libitum from two nipple drinkers in each cage. Experimental diets were limited to 114 g/hen/day and administered twice a day (in 57 g portions), after switching on the light and in the 8 th h of the day, to 240 cm long feeders (20 cm/hen). Afterwards, from the 18 th week of life, two experimental factors were used in hen feeding: CX supplementation of 3 ppm (CX3) and 6 ppm (CX6) and I supplementation of 10 ppm (I10) with interaction (I10CX3, I10CX6). The control group received feed with a standard level of 1 ppm I without CX (I1CX0). Canthaxanthin was administered as CARPHYLL R Red and I as MICROGRAN R I containing Ca(IO 3 ) 2 .
Diet components can be found in Table 1 and nutrients can be found in Table 2 .
The ISA Brown usually begin their egg-laying performance between the 18 th and the 19 th wk of life (Hendrix-Genetics, 2014) . Diets were administered from the 18 th wk of life; therefore, control of laying performance, egg weight and feed intake was started from the 23 rd wk of life, when the laying production reached 90%, assuming this moment to be the 1 st wk of the experiment.
The following items were controlled in each group and every cage in successive wks: daily egg number, daily egg mass (±0.1 g, once a wk), and feed intake (once a wk). Based on this information in every wk, the parameters calculated for each cage (10 hens) and for every group (150 hens) were as follows: laying performance (% of lay), average egg weight (g), average daily feed intake (g) per hen, and feed conversion ratio (kg of feed per 1 kg of egg weight).
Egg Quality Analysis
Morphological Quality The quality estimation of stored eggs was conducted three times: at the peak of production (25-26 wk of hens life), at the middle of lay (48-50 wk of hens life), and at the end of the experiment (62-63 wk of hens life). At each time-point, 80 eggs were collected from each treatment group and subjected to standard egg quality control after different periods of storage at the temperature of 30
• C and humidity of 50%. Temperature conditions were enforced for the experiment by placing the eggs in a laboratory incubator (Binder). Quality control was performed four times: on the day of lay (fresh eggs) and after 3, 6 and 9 d of storage, each time with 20 eggs per group. Analyses were performed using an Egg Analyzer device (ORKA Food Technology, USA), which determines egg weight (±0.1 g), height of thick albumen (mm), yolk weight (±0.1 g), and yolk color. Yolk color (YCF) range corresponds to the DSM scale (YCF = Yolk Fan) from 1 to 16 units. The quality of thick albumen is expressed both as thick albumen height (mm) (HA) and in Haugh units (HU), which were automatically calculated from the measurements (scale of 0 to 130). Yolk content (YC) in eggs was calculated from yolk and egg weight. The yolk index (YI) was determined by measuring the width of the yolk with dial calipers and the height of the yolk using a standard tripod micrometer (0.01 mm accuracy). The measurements were made with the yolk in natural position in the egg, and YI was calculated according to the following formula (Funk, 1948) :
yolk height × 2 yolk width 1 + yolk width 2
Physicochemical Properties
The albumen was separated from the egg. VM strength was measured using a TA.HDPlus Texture Analyser (Stable Micro Systems, United Kingdom) with a 5 kg load cell, and a sensitivity of 0.1 g (or texture analyzer trigger force). Compression tests were performed on egg yolks with a cylindrical probe with a diameter of 100 mm and with the applied compression rate of 1 mm/s to obtain 300 g of force. VM strength was shown for breaking force (VWF). Yolk and albumen were tested for pH using a pH-meter with an IJ-44C glass electrode (Elmetron, Poland). Solutions of known pH were used for the first calibration. A small amount of the sample (approximately 50 mL) was placed into a beaker and the pH electrode was placed into the sample. Yolk water activity (Y aw ) and albumen water activity (A aw ) were measured using an AquaLab Model CX-2 (AquaLab, USA) at the temperature of 30
• C.
Microbiological Control of Salmonella-Infected Eggs
The microbiological control of Salmonella in Salmonella-infected eggs was conducted twice: at 40 and 60 wk of hen life. For the evaluation, eggs were collected from four different groups: iodated with 1 or 10 ppm of I (Ca(IO 3 ) 2 ) and with two different levels of CX -0 or 6 ppm with interaction.
Afterwards, from the 18 th week of life, Salmonella enterica ser. enteritidis (ATCC 13076) and Salmonella enterica ser. typhimurium (ATCC 14028) were grown on tryptose sulfite cycloserine (TCS) agar (BioRad) at 37
• C for 19-24 h. Bacteria were gently flushed out from the agar, suspended in sterile 0.85% NaCl and centrifuged at 5000 rpm for 5 min. The pellets were suspended in sterile 0.85% NaCl and centrifuged at 5000 rpm for 5 min. The optical density of the suspensions was determined at 600 nm (Helios spectrophotometer). Finally, the bacterial suspensions of both bacteria strains exhibiting OD600 = 0.120 were prepared and mixed in equal volumes. Then, the number of CFU on PCA (plate count agar) (BioRad) were evaluated.
Suspensions of S. enterica ser. enteritidis and S. enterica ser. typhimurium (1:1) containing 2000 CFU/mL were prepared. The egg shells were disinfected with 70% ethanol. Bacterial suspension (50 μL) was injected into eggs using a 1-mL "tuberculin" syringe opposite to the air cell. The holes were sealed with melted paraffin. Infected eggs were incubated at 30
• C for 5 or 10 d (Binder incubators).
After incubation, the egg shells were disinfected with 70% ethanol. The shells were cut gently with surgical scissors. Then, the egg yolks and egg albumen were separated. The egg albumen was placed in a sterile cap, and diluted with a portion of 0.85% NaCl. About 1-2 mL of egg yolks were aspirated with a thick needle into a 5-mL syringe and transferred to tubes containing 0.85% NaCl. The remains of egg yolks were collected on sterile Petri dishes. The exact dilution ratio of egg yolks and egg albumen was estimated by weighing: empty cup/tube, cup/tube + sample, cup/tube + sample + 0.85% NaCl. Finally, serial dilutions in 0.85% NaCl of each egg yolk and egg albumen were prepared. One milliliter of each dilution was transferred to Petri dishes and poured with the Salmonella-specific agar medium XLD (BioRad). The plates were incubated at 37
• C for 48 h (Binder incubators) and the number of CFU was estimated.
Statistical Analysis
Factorial arrangement of I and supplemental CX effect and respective interactions were used to assess the effect of dietary I supplementation, or CX. All statements of statistical significance were based on 0.05.
Data were subjected to analysis of variance (ANOVA) using the GLM procedure based on the following linear models for various dependent variables:
Y il = μ + C j + e il (for one-way ANOVA) or Y ijl = μ + I i + C j + (IC) ij + e ijl (for two-way ANOVA) or Y ijkl = μ + I i + C j + T k + (IC) ij + (IT) ik + (CT) jk + (ICT) ijk + e ijkl (for three-way ANOVA)
where Y is a dependent variable; μ is the general mean; I i is the effect of the ith iodine level, i = 1 and 10; C j is the effect of the jth canthaxanthin, j = 0, 3, and 6; T k is the effect of storage time (or Wk of hens life), k = 0, 3, 6, and 9 days (k = 40 and 60, for wk of hens life); D m is the effect of incubation day, m = 0, 5, and 10 days; IC, IT, CT, ID, CD, TD, ICT, ICD, CTD, and ICTD are the interactions of the factors; and e is random error.
Microbiological data were log-transformed [log(x+1)] before the analysis. We compared the means using oneway ANOVA and Duncan's multiple range test at significance levels of 0.05 or 0.01. The microbiological data were analyzed using nonparametric statistical tests such as the Mann-Whitney test, the Wilcoxon signed-rank test (for comparisons of two independent or paired groups), and the Kruskal-Wallis test (for comparisons of more than two groups).
Principal component analysis (PCA) was performed to evaluate multivariate relationships between traits and to characterize the differences between the treatments.
The analyses were performed using Statistica 12 (StatSoft INC, 2011) software. Table 3 presents results of analyses of the production performance, egg weight indices, and FCR values determined for hens administered diets supplemented with CX and I. Except for the average egg weight for the entire production period, in the case of which the effect of I level in the feed mixture was not statistically significant (P = 0.809), all other indices of productive performance were strongly influenced by both CX and I as well as by their interactions (CX × I). The level of CX in the feed increased the laying production, but only at an I level of 1 ppm. Dietary inclusion of I at 10 ppm caused differences in the laying production among groups of hens.
RESULTS
Productive Performance
Feed supplementation with CX at the dose of 3 ppm caused an increase (P < 0.05) in the average egg weight for the entire production period with I supplementation at both 1 and 10 ppm, as well as in the weekly egg mass per hen with I supplementation at 1 ppm (Table 3) . Increasing CX dose to 6 ppm at an I dose of 10 ppm resulted in an increased average egg weight for the entire production period (Table 3 ). In addition, a higher (P < 0.05) weekly egg mass per hen was confirmed as a result of application of a high dose of CX (6 ppm) at an I dose of 10 ppm.
Dietary inclusion of CX caused a significant decrease in FCR value at both doses of iodine, i.e. 1 ppm (CX3 and CX6) and 10 ppm (CX6) ( Table 3) . Increasing I addition from 1 to 10 ppm in the CX-supplemented diets also contributed to a decrease (P < 0.05) in FCR value by 0.066 kg/kg (Table 3) .
Egg Quality Analysis
Effect of Dietary Canthaxanthin Hen diet supplementation with CX had a significant effect on the increase in VMF (resistance), color changes and Y aw increase in fresh eggs (Table 5 ). In contrast, the analyzed quality traits of the albumen (Figure 1 ; Table 4 ) and such parameters of the egg yolks of fresh eggs as YC, YI and Y pH were not affected by CX addition to the diet (Figure 2 ; Table 5 ). The darker color of yolks of those eggs collected from hens fed a diet supplemented with CX was observed through the entire storage period (until day 9) and was significant at both doses applied, i.e. 3 and 6 ppm ( Table 5 ). The effect of CX on VMF decreased with duration of egg storage (Figure 2) . As expected, CX affected the yolk color for the entire duration of the experiment.
Effect of Dietary Iodine
The dose of I added to the feed mixture had no effect on the albumen quality of either fresh eggs or eggs stored at 30
• C for 9 d (Table 4) . Increasing I supplementation from 1 to 10 ppm resulted in a higher (P < 0.001) Y aw of fresh eggs and a lower Y aw of stored eggs (P < 0.001) across the entire storage period (Table 5 ). In addition, analyses showed a lower (P = 0.001) YC in eggs from those hens receiving feed mixture with the higher dose of I, especially on 6 d of storage when significant differences (P = 0.002) were demonstrated between eggs of hens from groups I1CX0 and I10CX0 (Figure 2) . Although the dietary inclusion level of I itself had no effect (P = 0.684) on VMF in particular for egg storage, the decrease in VM resistance observed with the length of storage (between day 3 and 9) was twofold lower in eggs collected from hens receiving feed mixture with the higher dose of I (Figure 2) . As a consequence, the interaction between storage period and I content in the feed mixture was highly significant (P = 0.004).
Effect of Interaction There was no significant effect of CX × I interaction on any analyzed quality trait of the albumen of fresh eggs (Table 4) . For eggs stored at the temperature of 30
• C for 9 d, the CX × I interaction had a beneficial effect on albumen HA and HU, the best results of which were determined at the higher doses of both supplements (Table 5 ). The positive outcome of the coupled use of CX at a dose of 3 ppm and I at a dose of 10 ppm in hen diets was significantly the highest (P = 0.026) VMF of fresh eggs (Table 5 ). In turn, the coupled administration of CX and I supplements had no effect (P > 0.05) on VMF (resistance) improvement in stored eggs (Table 5 ). The duration of storage had a significant effect on egg quality. Albumen and yolk pH successively increased and VMF (resistance) successively deteriorated, regardless of the applied supplementation (Figures 1 and 2) . Interaction effects for the factors (Storage time × I × CX) were not significant for any of the studied parameters, so these are not shown in the tables (Tables 4 and 5 ).
Principal Component Analysis (PCA)
For analysis of PCA, 9 parameters (variables) were included: VMF, E, HA, HU, YCF, YC, YI, A pH , and Ya w .
PCA analysis reduces the parameters (variables) from 9 to 2 (PC1 and PC2). The first two principal components (PCs) were able to explain 90.2% of the variance in all measured variables. This means that relations present in the first two PCs were able to capture the general tendencies present in the data. Eggs, both fresh and stored, were more or less grouped according to their preparation procedure in the space I1CX0 -1 ppm of Iodine and 0 ppm of Canthaxanthin, I1CX3 -1 ppm of Iodine and 3 ppm of Canthaxanthin, I1CX6 -1 ppm of Iodine and 6 ppm of Canthaxanthin, I10CX0 -10 ppm of Iodine and 0 ppm of Canthaxanthin, I10CX3 -10 ppm of Iodine and 3 ppm of Canthaxanthin, I10CX6 -10 ppm of Iodine and 6 ppm of Canthaxanthin.
Main effect -significantly different at P ≤ 0.05. A,B,C -significant effect of canthaxanthin within Iodine groups, P ≤ 0.05. * * -significant effect of iodine within canthaxanthin groups, P ≤ 0.05. of the first two PCs. Component PC1 is created by: force, elasticity, HA and yolk content, yolk index and albumen pH. PC1 explains 78.7% of the variability of the studied traits. PC2 is created by yolk color (YCF) and explains 11.5% of the variance (Figure 3 and Table 6 ).
Fresh egg group 1 (I1CX0 f and I10CX0 f) had a similar PC1 to egg group 2 (I1CX3 f; I10CX3 f; I1CX6 f; I10CX6 f). These groups (1 and 2) differed in PC2 (yolk color -YCF). YCF group 2 was larger than group 1. Storage reduced the strength of the vitelline membrane of yolk (VMF, elasticity), decreased the yolk index, HA Main effect = effect of canthaxanthin and iodine for entire analysis period (0, 3, 6, 9 d). A,B,C -significant effect of canthaxanthin within Iodine groups, P ≤ 0.05. * * -significant effect of iodine within canthaxanthin groups, P ≤ 0.05. and HU and increased albumen pH (significant changes PC1). Egg group 4 (without CX, stored 6 and 9 d) is on the left side of the PCA diagram. However, groups 3 (without CX, stored 3 d) and 4 had the same PC2 (YCF) as group 2. By contrast, group 4 had a similar PC2 (YCF) to group 1. Groups 3 and 4 with similar PC2 (YCF) indicate a decrease in force and elasticity and increased yolk index and albumen pH (PC1 changes).
Comparison of groups 3 and 4 indicates that a storage increase from 6 to 9 days leads to a similar PC2 (YCF) and PC1 (decrease force, elasticity, and yolk index, and increased albumen pH). CX in the diet of laying hens significantly affects the color of egg yolks. PC = principal components, VMF = yolk vitelline membrane force (g), E = yolk vitelline membrane elasticity (mm), HA = height of thick albumen (mm), HU = Haugh units, YCF = yolk fan, YC = yolk content (%), YI = yolk index, A pH = albumen pH, Y aw = yolk water activity.
Microbiological Analysis of Eggs
The growth of Salmonella in infected eggs was affected by the age of hens (time-point of egg collection), I supplementation and interaction I × wk of hen life (Table 7) . In addition, a significant role was ascribed to the subsequent interactions I × incubation days (Table 7) . Dietary supplementation with CX had no effect on egg Salmonella growth but the interaction of CX × wk of hen life was significant (Table 7 ). Figure 4 clearly shows that dietary supplementation with I dose of 10 ppm was the most effective form of inhibiting Salmonella growth in eggs incubated at 30
• C for up to 10 d, especially for eggs from younger hens (40 wk of life). A high level of I also strongly inhibited Salmonella migration from egg albumen to egg yolk. The presence of CX (6 ppm) had no great influence on Salmonella growth, and similar was the situation with a low dose of I (1 ppm) (Figure 4 ).
DISCUSSION
Many carotenoids have been confirmed to exert beneficial effects on the productive performance of laying hens (Liang et al., 2004; Yang et al., 2006; Damron et al., 2008) ; however, most of the studies reporting on CX application in hen feeding demonstrate no effect of this dietary supplement. Grashorn and Steinberg (2002) and Cho et al. (2013) showed no effect of laying hen diet supplementation on production results, FCR, or egg quality; likewise, Zhang et al. (2011) , who excluded the effect of CX on these indices for broiler breeder hens. Only the obvious strong effect of CX on egg yolk color demonstrated in our study (Table 5) confirms the earlier observations. It is difficult to explain the differences between the results obtained in our study and findings of other authors. These were due to CX and I interaction. As for CX, diet supplementation with I has no effect on laying rate of the hens, and even contributes to a small decrease in laying rate and egg weight (Yalçin et al., 2004; Lichovnikova et al., 2010; Opaliński et al., 2012) . In our opinion, better laying rate and higher egg weight accompanied by a reduced FCR value (Table 3) preclude the possibility of a single accidental result; all the more so, because we had monitored the entire production cycle (42 wk of production) of a large number of hens. The physiological response of the hens in the present study could also be associated with the random choice of genotype. Although our study did not address the genetic aspect, the response of various genetic groups of poultry to the same supplements may differ. For instance, Christensen et al. (1991) demonstrated that supplementation of diets for British United Turkey hens with I at a dose of 3.5 mg/kg contributed to a significant increase in egg weight, but the same dietary supplementation with I had no effect on egg weight for Nicholas turkey hens. Yalçin et al. (2004) suggested that the different results obtained in their study regarding I accumulation in eggs of laying hens compared with findings reported by Kaufmann et al. (1998) were due to the different breed of hens. Therefore, the beneficial laying rate may result from the interaction between CX, I and a specific genetic group of hens (ISA Brown).
The main objective of this study was to determine whether dietary supplementation for laying hens with various doses of CX and I may contribute to the increased resistance of the vitelline membrane and counteract its debilitation during storage at a high temperature. An important factor raised in the study was also the effect of CX and I on Salmonella growth in laboratory-infected eggs (Salmonella enterica ser. enteritidis and Salmonella enterica ser. typhimurium), because the growth of these pathogens is facilitated by the storage conditions applied and by egg contents which provide them with a perfect culture medium. Study results demonstrated dietary supplementation with CX improves the VM resistance of fresh eggs and has no effect upon the degradation process of VM during storage at the temperature of 30
• C. Earlier investigations which proved the antioxidative effect of CX on egg yolk were, however, conducted only with hatching eggs stored at a temperature below 16
• C for no longer than 7 d (Rosa et al., 2012; Ren et al., 2016; Surai, 2012a; Surai, 2012b) . Temperature is a known key factor that determines the effects of antioxidants. A high temperature accelerates the initiation of antioxidant activity, which shortens the period of their activity (Pokorný, 1986; Réblová, 2012) . This would explain the improvement in VM resistance under the influence of CX on the day of egg laying. There is no definitive information concerning the influence of high temperature on the antioxidative effect of CX. CX easily migrates from feed to egg yolk and then to tissues of embryos (mainly to cell membranes, liver, and blood plasma). It might be protected in the body of an embryo during incubation maintained at the temperature of 37.8
• C, which is indicated by better survivability indices of chicks from mothers fed CX-supplemented diets (Karadas et al., 2005; Surai, 2012b) .
The aging process of eggs is mainly linked with CO 2 diffusion and increased egg albumen pH, which largely results in the dissociation of lysozyme and ovomucin (Yang and Baldwin, 1995) . The successive dilution of egg albumen, which loses its viscosity, contributes to water penetration from the egg albumen to the egg yolk. As a consequence, with storage time, the yolk content increases in the egg and the VM is extended as a result of the pressure of the increasing yolk content and becomes loose and less resistant. Changes in egg albumen pH observed in our study were typical of the egg aging process (P < 0.001) and completely unaffected by the supplements applied (Table 4) . Also, the increase in yolk content of the egg, which may be indicative of the increased water penetration through VM, did not depend (P = 0.067) on CX content in the feed mixture. Only hen diet supplementation with I contributed to the retardation of yolk content increase in the egg, but only on 6 d of storage. This tendency was, however, not observed after 9 d of storage; it is difficult to indicate whether this parameter is not overestimated (Table 5 ). Iodine itself had no effect on VMF (P = 0.684), but its increased dose in the feed mixture contributed to the inhibition of VM degradation in the interaction with storage time (P = 0.004). No information is provided in the available literature that would explain how I addition to feed mixture for laying hens may counteract changes in VM resistance during egg storage. Presumably, this may be associated with the effect of I on the inhibition of lipid peroxidation (Allen, 1992; Halliwell and Chirico, 1993; Gutteridge, 1995) . The elasticity and permeability of VM are known to depend on the lipid structure of the membrane, including especially its fatty acids (Galea, 2011; Shinn et al., 2016) . According to Aydin et al. (2001) , saturated fatty acids increase vitelline membrane permeability. Mohiti-Asli et al. (2008) demonstrated that lipid oxidation in eggs, measured by the content of MDA (malondialdehyde), increased during storage and that this increase was affected by storage temperature. A few reports have demonstrated that hen diet supplementation with such antioxidants as selenium and vitamin E improve the stability of egg yolk lipids and protect cells against lipid peroxidation stimulated by high temperature storage (Qi and Sim, 1998; Galobart et al., 2001; Kirunda et al., 2001; Puthpongsiriporn et al., 2001) . These were probably the confirmed antiperoxidative properties of I that contributed to the higher stability of VM in the analyzed eggs (Allen, 1992; Halliwell and Chirico, 1993; Gutteridge, 1995) .
The positive effects of hen diet supplementation with I observed in our study were not only limited to the retarded VM degradation during egg storage, but -most of all -iodine played a significant role in inhibiting Salmonella growth. I addition at a dose of 10 ppm completely inhibited Salmonella growth until 10 d of storage (CFU = 0.00) in eggs from young hens (40 wk of life). In the case of eggs from older hens (60 wk of life), the effects of the applied supplementation were less pronounced. According to the available literature, I absorbability from the diet and its transfer to an egg is independent of hen age (Opaliński et al., 2012; Sumaiya et al., 2016) . The differences observed in Salmonella growth in eggs collected from hens at 40 and 60 wks of life could result not from the supplementation per se, but rather from egg quality. Despite no differences being confirmed in Salmonella growth between older hen eggs stored for 5 and 10 d, the antibacterial tendency of 10 ppm I was noticeable, especially for egg yolk Salmonella growth in eggs from older hens might be easier, due to deterioration in the quality of egg albumen (Silversides and Scott, 2001, Padhi et al., 2013) . However, the exact causes remain unknown and need to be elucidated in future studies.
In summary, the supplementation of diets for laying hens with CX and I contributed to the improvement of production performance indices including laying production, egg weight, and FCR. The addition of CX improved VM resistance in fresh eggs, but had no impact on degradation changes of VM during egg storage at the temperature of 30
• C. In contrast, I addition at the dose of 10 ppm effectively counteracted VM debilitation, even up to 9 d of storage. Producers of table eggs who -for logistic reasons -are forced to store or transport eggs at high temperature may counteract VM debilitation through feed supplementation with 10 ppm I, and the deterioration of albumen quality through feed supplementation with CX and I. This is especially significant when the eggs are intended for processing, where the mechanical breaking of egg shells and separation of egg constituents is a common practice. In addition, by reducing Salmonella growth, feed supplementation with I contributes to increased consumer safety. Further studies are needed to extend our understanding of interactions between hen age, feed supplementation with I and Salmonella growth in stored eggs as well as investigating predisposition of selected genetic groups of hens to exploit the antiperoxidative and antibacterial effects of I.
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